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ABSTRACT
The quantitative study of subsidence in the Granada basin, using decompaction and backstripping
techniques, and contemporaneous relief development in the surrounding areas, especially in the
Sierra Nevada, provides a good case example of the development of an intramontane basin. In the
Granada basin, according to the interpretation of the seismic pro¢les and results of the backstripping
analysis, subsidence and sedimentation rates were at a maximum in the lateTortonian and decreased
progressively; meanwhile, the neighbouring areas were uplifted forming important relief.
Chronostratigraphical revisions of the marine sediments show that the marine incursion that
deposited sediments in the Granada basin lasted only1.3Ma, between 8.5 and 7.2Ma.The gradual
retreat of the sea in the Granada basin is not attributable to global eustatic £uctuations, but rather to
uplift in the Sierra Nevada and its adjacent areas. From latest Tortonian to earlyMessinian times, the
region became continental and the Granada basin acquired its present physiography andwas
di¡erentiated as such. From the lateTortonian onwards, NNW^SSE compression combinedwith
ENE^WSWextension a¡ected the cordillera. In the Granada basin, extension controlled fault
movements.There are two well-de¢ned fault sets: the ¢rst trends 701N^901E, with low angle faults
(less than 301) dipping towards the north and south, de¢ning the subsiding areas which have
approximately E^Wdirection; whereas the second set has aNW^SE direction, and cuts and displaces
the previous ones, de¢ning the main subsiding areas in the eastern part of the basin.The
reinterpretation of seismic pro¢les reveals that the subsiding axes within theGranada basin persisted
from theTortonian to the present because of continued displacements of the main faults.
INTRODUCTION
The relationship between the formation of relief and the
late stages of mountain belt development is well estab-
lished, particularly in the case of Alpine chains such as
the Himalayas, Andes, Alps, Betics or the Aegean area
(Gansser,1982; tenVeen&Posma,1999a, b) owing to exten-
sional, transcurrent or transtensional mechanisms, de-
pending on the case. More recently, researchers have
undertaken the quanti¢cation of vertical displacements
in sedimentary basins as well as in the surrounding relief,
for instance in the Mediterranean Sea and its peripheral
chains (Ryan, 1976; tenVeen & Postma, 1999a, b).The Betic
Cordillera is not an outsider to these studies, and di¡erent
techniques of analysis have been used in order to quantify
its vertical displacements (Gime¤ nez et al., 2000; Braga et
al., 2003; Sanz de Galdeano & Alfaro, 2004).
Not many models have been proposed to explain the
formation of the Granada basin. Rodr|¤ guez-Ferna¤ ndez et
al. (1989) emphasize the role of strike-slip faulting and un-
derline the coincidence of many patternswith that of pull-
apart basins.The coexistence of compressional and exten-
sional deformation as a consequence of strike-slip faults
is also described byMorales et al. (1990).
The quantitative analysis of subsidence of the sedimen-
tary sequences ¢lling the basins, based on backstripping
and decompaction techniques, has likewise been applied
to di¡erent geologic domains of the Betic Cordillera, such
as the continental margins (Janssen et al., 1993;Watts et al.,
1993; Geel, 1995; Hanne et al., 2003) in the Alboran Sea
(Cloetingh et al., 1992; Banda et al., 1993; Rodr|¤ guez-Fer-
na¤ ndez et al., 1999), or in its intramontane basins (Soria et
al, 1998, 2001; Rodr|¤ guez-Ferna¤ ndez et al., 1999).Whereas
the analysis of the whole process of subsidence combined
with the formation of relief is commented on by a number
of authors, to date no comparison and numeric analysis of
the two processes has been documented.
TheGranada basin is situated at the western foot of the
Sierra Nevada and is one of the main intramontane basins
formed during the late orogenic stage in the Betic Cordil-
lera. It is probably the most complex basin of the Betic
Cordillera, where noteworthy thicknesses of detritic sedi-
ments were deposited from end Miocene to Pliocene-
Quaternary times.The Sierra Nevada presents the highest
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peaks of theBeticCordillera (3482m), formed from the late
Miocene onward, whose slopes preserve late Miocene
marine sediments, up to nearly1900m a.s.l. A comparison
of the Granada basin and the Sierra Nevada enables us to
characterize and quantify the processes of subsidence and
uplift, in a context similar to that of other Alpine chains.
A sound knowledge of the main stratigraphic and sedi-
mentologic characteristics of theGranada basin ^ together
with the existence of 29 seismic pro¢les, one borehole, and
gravimetric data from oil research ^ allowed us to reinter-
pret the structure of the basin and quantify the subsidence
as well as reconsider the geodynamic evolution of the ba-
sin.The recent evolution of the relief can also be quanti-
¢ed and compared with the subsidence inferred from
previous and our own data. To this aim, we reinterpret
seismic pro¢les from the northern and central part of the
basin. They were digitized to derive basement contour
maps, and for the ¢rst time we establish:
(1) isopach maps of the di¡erent sedimentary sequences,
constructed to identify the morphology of di¡erent
depocentres and changes in their location and form;
(2) maps showing fault location, di¡erentiating between
those that a¡ect the basement, the sedimentary in¢ll-
ing, or both;
(3) subsidence analysis, quantifying the sediment accu-
mulation rates (mMa1) for di¡erent ages and sectors
of the basin;
(4) chronologic revision of the marine sediments, through
new studies of the palaeontological contents of several
cross sections, as well as a better knowledge of the evo-
lution of the quanti¢ed processes.
With these analyses, the ¢nal objective of this workwas to
assess subsidence in the Granada basin and uplift of the
relief in the surrounding areas, determining how andwhen
these processes occurred, in the framework of the geody-
namic mechanisms involved in the lateNeogene evolution
of the Betic Cordillera.
GEOLOGICAL SETTING
TheBeticCordillera is, together with theRif, the western-
most Alpine mountain belt that surrounds theMediterra-
nean Sea. It is made up of the external zone to the north
and the internal zone to the south. The external zone
(Fig. 1) corresponds to the mesozoic and tertiary sedi-
ments of the Iberian palaeomargin and is divided into
Prebetic and Subbetic domains, the latter now located
further to the south.
The internal zone comprises three tectonically super-
imposed complexes that are, from the base to the top: the
Nevado-Filabride, the Alpujarride and the Malaguide.
The Nevado-Filabride and Alpujarride are strongly af-
fected by Alpine metamorphism. The internal zone was
displaced westwardly at the beginning of the Miocene
until colliding with the external zone, especially with the
Subbetic, and was then strongly deformed (Durand-Del-
ga,1980; Sanz deGaldeano,1990). Several phases of exten-
sional tectonics during the early to middleMiocene andup
to the beginning of the late Miocene contributed to de-
nuding the internal zone, resulting in the exhumation of
the previously superimposed complexes (Balanya¤ & Gar-
c|¤ a-Duen as, 1987; Monie¤ et al., 1991; Garc|¤ a-Duen as et al.,
Fig.1. Location of the Granada and other Neogene basins in the Betic Cordillera.1. Granada basin, 2. Guadix basin, 3. Baza basin, 4.
Tabernas basin, 5. Sorbas basin, 6. Lorca basin, 7. Fortuna basin.
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1992; Watts et al., 1993; Platt & Whitehouse, 1999). Finally,
from the lateTortonian, a NNW^SSE compression com-
binedwith a near perpendicular extension a¡ected the Be-
tic Cordillera (Sanz de Galdeano, 1988; Rodr|¤ guez-
Ferna¤ ndez &Mart|¤ n-Penela, 1993; Galindo-Zald|¤ var et al.,
1993, 1999; Buforn et al., 1995), facilitating the progressive
exhumation of theNevado-Filabride complex (the deepest
of the three) between12 and 8Ma (Johnson et al.,1997).
Unconformably deposited on the Subbetic, Alpujarride
andMalaguide complexes are sediments of early andmiddle
Miocene age, representing the remains of previous sedi-
mentary basins that were later destroyed. During the late
Miocene new basins formed, including those of Guadix,
Baza, Lorca, Fortuna and that of Granada (Fig.1), covering
part of the contact between the internal and external zones.
These basins have a series of common stratigraphic char-
acteristics: the presence of evaporites deposited in the latest
Tortonian and therefore before the ‘Messinian salinity crisis’
of the Mediterranean (Rodr|¤ guez-Ferna¤ ndez et al., 1984;
Garce¤ s et al., 1998; Dinare¤ s et al., 1999), an important accu-
mulation of coarse clastic sediments located at the foot of
prominent reliefs, and ¢nally, fresh-water lacustrine depos-
its at the end of the lateMiocene.These characteristics pro-
vide evidence of a relatively rapid uplift and growth of relief
at the end of the lateMiocene (Montenat et al., 1990).
Previously, during the middleMiocene to the earlyTor-
tonian, the region was subjected to a tectonic denudation
process (Johnson et al., 1997) that did not produce impor-
tant relief and did not contribute to the formation of intra-
montane basins.
The creation of relief and the subsidence of associated
sedimentary basins is strongly in£uenced by the reactiva-
tion of old faults and the appearance of new ones in a con-
text of reorganization of the cordillera (Sanz de Galdeano
& Alfaro, 2004), as a consequence of the collision between
Africa and Europe from the lateTortonian.
THE SEDIMENTARY RECORD OF THE
GRANADA BASIN
The basement of the Granada basin is formed by meta-
morphic rocks of the internal zone (in the southeastern
half) and sedimentary rocks of the Subbetic (in the north-
western half) of the Betic Cordillera, together with early
and middleMiocene sedimentary remnants of older Neo-
gene basins (Fig. 2). In the present paper, these sediments
are considered to form part of the basement.
TheGranada basin ¢lling has a markedly molassic char-
acter (Van Houten, 1981). Three depositional sequences
can be distinguished:
Sequence 1
It contains marine sediments of late Tortonian age lying
unconformably on the basement (Fig. 2). The transition
from coastal to platform conditions (Ferna¤ ndez & Rodr|¤ -
guez-Ferna¤ ndez, 1991), testifying the sudden £ooding of
theTortonian sea, is observed in several places, for example
in the southwestern part of the basin, in the town of Alha-
ma de Granada, an exceptional deepening upward se-
quence is preserved.
The upperMiocene sedimentation beganwith bioclas-
tic calcarenites, deposited in an epiric sea with temperate
waters that change distally to calcareous marl facies. Near
the emergent high relief areas of the basement, the facies
are apron type, corresponding to the base of ancient cli¡s,
whose sediments comprise large blocks or conglomerates
with a calcarenitic matrix. Overlying the previous sedi-
ments are found:
 Along the eastern border, fan deltas, fed by a drainage
network that developed in adjacent relief and depos-
ited thick accumulations of conglomerates. They evi-
dence the important growth of relief, particularly
along the eastern border.
 The western and southern borders of the basin were
sites of carbonate sedimentationwith a platformwhere
coralline reefs developed. Similar reefs colonized fan
delta topsets.This change in sedimentation indicates
a con¢nement of the basin, which began to lose its
connection to the open sea, as a result of the onset of
uplift of the entire region (Rodr|¤ guez-Ferna¤ ndez et
al., 1984; Montenat et al., 1990; Braga et al., 1999). Such
uplift is compatible with the data presented by John-
son (1993, 1997) and Johnson et al. (1997), who, from
apatite and zircon ¢ssion track, date the cooling of the
Nevado-Filabride complex near the surface at 9^8Ma
in the western Sierra Nevada area, when the tectonic
denudation ceased. These authors indicate that ‘tec-
tonic events at that time, which resulted in the initial
structuration of the intramontaneBetic basins and de-
velopment of the modern topography, are somehow
linked to this change’
The base of marine sequence1contains the planktonic for-
aminifer Neogloboquadrina humerosa (Blow) and the dis-
coasterid Discoaster quinqueramus (Gartner). Bearing in
mind that the biohorizon of the ¢rst appearance of both
is located at 8.5Ma (Okada & Bukry, 1980; Berggren et al.,
1995), the marine incursion would have this age as the
maximum. Discoaster quinqueramus (Gartner) is present in
the top of sequence1, whereas theGloborrotalia suterae zone
(Okada & Bukry, 1980; Iaccarino, 1985), the latest Torto-
nian, is absent; therefore the age of the top of this se-
quence is situated in the ‘non-terminal late Tortonian’,
before theTortonian^Messinian boundary (7.12Ma).
Sequence 2
This sequence overlies sequence1 (Fig. 2), conformably in
the centre and unconformably at the edges of the basin. It
was deposited in a continental environment and varies in
character and nature depending on location.The deposi-
tion of thick evaporitic deposits (gypsum and salt) in the
southern part of the basin signals the ¢nal retreat of
the sea.
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In the Sierra Nevada footslopes and in the northeastern
Sierras, coarse clastic sedimentswere deposited bylarge allu-
vial fans in identical positions to those occupied by the fan
deltas of the previous sequence.These alluvial fans evolved
into a braided river system that deposited sands and micac-
eous silts, and then into several deep lakes, some containing
thick lacustrine turbiditic deposits (Dabrio etal.,1972).
These facies of ¢ne micaceous sands and silts contain
the ¢rst fossil records of lacustrine environments in the
Granada basin.They are micromammalian rodents (Occi-
tanomis adroveri, Ruscinomis schaubi and Valerymys juniensis)
that point to theNM12 zone ^ of lateTurolian age, equiva-
lent to latest Tortonian in the marine chronology ^ for the
lower part of sequence 2 (Dabrio et al., 1978; Ruiz-Bustos,
2002).
Overlying the previous succession, terrigenous sedi-
ments were deposited by braided rivers sourced from
surrounding high relief areas. These rivers fed into
lakes located in the deepest parts of the basin. In the
lakes, ¢ne-detrital, marly and calcareous sediments,
featuring thin lignite levels, were deposited (Dabrio&Fer-
na¤ ndez, 1986). These lacustrine sediments contain a rich
vertebrate fauna that point to a latest Ventian age for the
top of sequence 2, equivalent to Messinian in continental
chronology (Ruiz-Bustos, 2002). The second sequence
culminates with the deposition of lacustrine limestones
(Fig. 2).
Because the bottom of sequence1is lateTortonian in age
(8.5Ma,Discoasterquinqueramus zone) and the bottom of se-
quence 2 is latest Tortonian in age (7.2Ma, NM12 zone),
Fig. 2. Geological map of theGranada basin.1.Nevado-Filabride complex, 2. Alpujarride complex, 3.Malaguide complex, 4. Subbetic,
5.Marls, sands and conglomerates (Serravallian^EarlyTortonian), 6^8: sequence1, 6. calcarenites (lateTortonian), 7.Marls and
conglomerates (lateTortonian), 8. conglomerates, sands andmarls (lateTortonian ), 9 and10: sequence 2,9.marls, silts, sands and gypsum
(Messinian), 10. Lacustrine limestone (lateMessinian), 11^13: sequence 3, 11. conglomerates, sands and clays (Pliocene^Pleistocene), 12.
Alluvial fans (Pleistocene^Holocene), 13. Alluvial plain (Pleistocene^Holocene), 14. Alluvial sediments (recent), 15. town,16. lithological
contact, 17. fault, 18. normal fault, 19. reverse fault, 20. syncline, 21. anticline.The position of the ¢gure is marked in Fig.1.The square
dotted line marks the area covered by seismic lines (Fig. 3).The stars correspond to the boreholes cited in the text.
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the marine incursion that deposited sequence1would cor-
respond to a time span ranging between 8.5 and 7.2Ma, not
lasting more than1.3Ma.
Sequence 3
A new network of braided rivers developed in the shallow
areas of the basin, and lacustrine zones in the more de-
pressed areas (Fig. 2). Sediment consists of: conglomer-
ates, sands and clay of £uvial origin for the £uvial facies;
and sand, silts, lignite and limestones for the lacustrine fa-
cies. This endorheic phase lasted until the late Pliocene.
The considerable thickness of the sediments (over 1000m
in some places) is clearly inferred from the seismic lines.
The Pliocene sediments are dated indirectly with respect
to the Miocene^Pliocene boundary at their base and the
early Pleistocene at their top (Ruiz-Bustos, 2002).
In the Pleistocene, the basin was captured by the drai-
nage network of the Guadalquivir River. From this time
onward, a longitudinal £uvial system (the Genil River, tri-
butary of the Guadalquivir River) developed, whose £ood
plain is the present alluvial plain of Granada.
The important high relief created along the eastern bor-
der of the basin was drained by alluvial fan systems. Some
formations deposited at the end of the Miocene were
eroded and redeposited during the Pleistocene.
A borehole (Granada D-1) located near Lachar (LA)
(Figs 3, 4, 6, 7 and 10) penetrated 834m, revealing from
bottom to top: a basement of Subbetic character (233m),
marly limestone sediments of middle Miocene age (21m),
calcareous marls of Tortonian age (73m, corresponding to
sequence 1), marly^sandy^silty sediments with gypsum
and lacustrine limestones of late Miocene age (Ventian;
253m, sequence 2), ending in detrital sediments of Plio-
cene^Pleistocene age (254m, correlated with sequence 3).
The three sequences di¡erentiated in the borehole may
be easily correlated with those described above. One of
the seismic pro¢les (S85^157) (Figs 3, 4 and10) passes over
this borehole, although nearby there are two short bore-
holes for mining research (S6 and S7, Fig. 3). On the basis
of data from the Granada D-1 borehole and knowledge of
the depth of each of the three main seismic re£ectors (de-
scribed in the next chapter) we calculated the seismic velo-
city, used later to transform the seismic time (TWT) into
depths. These velocities also were used to elaborate the
maps and cross sections, and in the numeric analyses of
the data.The crossing of di¡erent seismic pro¢les, always
with the help of the seismic facies, permitted the identi¢ -
cation of the main re£ectors that bound the di¡erentiated
sedimentary sequences.
SEISMIC STRATIGRAPHY
In the seismic pro¢les (Figs 3^5), the three depositional
sequences can be recognized, separated by prominent re-
£ectors.The clearest re£ectors correspond to:
1. The contact between the basement and the sedimen-
tary ¢ll of the basin, coinciding with the base of se-
quence 1. The basement shows a homogeneous
character with re£ectors of low continuity and med-
ium-high amplitude, and a non-strata pattern can be
identi¢ed. Somemore prominent re£ectors are di⁄cult
to identify and interpret.
2. Re£ector 2 corresponds to the boundary between mar-
ine and continental sediments of lateMiocene age. Be-
tween sequences 1 and 2 in the deepest parts of the
basin, the paraconformity between the re£ectors of the
two sequences demonstrates that the transition from
marine to continental sedimentation took place with-
out erosion in these deep parts (Fig. 4a and b). In the
seismic pro¢les, the continental sediments of the late
Miocene (sequence 2) appear as a homogeneous unit
without internal discontinuities, with continuous and
very marked re£ectors of middle amplitude that clearly
onlap the basement highs.
3. Re£ector 3 represents the boundary between the conti-
nental sediments of lateMiocene andPliocene age, that
is, between sequences 2 and 3. The continental sedi-
ments of late Miocene age contain, toward the top,
lacustrine limestone levels of Ventian (Messinian) age.
These levels usually exhibit good contrast and a contin-
uous re£ector with high amplitude whose upper limit
coincides with the base of the continental sediments
of the Pliocene-Pleistocene (Este¤ vez et al.,1982).
Within the Pliocene^Pleistocene sequence, some well
marked re£ectors with low continuity and high amplitude
exist. Toward the top, recent alluvial and colluvial sedi-
ments are present, yet not well distinguished because of
their minor thickness.
The seismic pro¢leswere used to prepare contour maps
of the basement as well as isopach maps (Fig. 9), and to
draw several cross sections (A^D,Fig.8) of the di¡erent de-
positional sequences.To obtain the isopach maps we used
Fig. 3. Contour map of the area covered by the 29 reinterpreted
seismic lines showing the location of Granada D-1borehole and
S6 and S7mining holes.Their positions are indicated by the
square dotted line of Fig. 2.
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Fig.4. Interpretation of part of seismic pro¢les S85^157 and S85^150.Their positions are marked in Fig. 3.Vertical dotted lines
correspond to the selected places for backstripping analysis. LA, Alto de Lachar; PP^FV, Pinos Puente^FuenteVaqueros depocentre.
The cross points between pro¢les are indicated.
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the position and the depth of the shot points along the seis-
mic lines. Depth was previously derived from the velocity
deduced from seismic time and comparisonwith the depth
of re£ectors in theGranadaD-1borehole.The next stepwas
to plot these points using a GIS programme to construct
the di¡erent maps.Vertical sections obtained from the seis-
mic pro¢les (Granada 2 to Granada 5), and data from bore-
holeGranadaD-1were used for the decompaction study to
calculate subsidence rates (Figs 4, 5 and10).
BASIN ARCHITECTURE
Sedimentation in the Granada basin was controlled by
several sets of normal faults, most notably those of E^W
and NW^SE direction. Many of these faults are identi¢ed
by surface mapping (Figs 2 and 7). In sectors not covered
by the seismic lines, important faults also crop out.These
are clearly visible to the south of the basin, where theyhave
an E^W trend and dip northwards.
Conspicuous NW^SE faults are present in the eastern
part of the basin, some of which limit the Granada basin
(Figs 2 and 7). NNE^SSW trending faults are also present
on the eastern border of the basin and limit the western
part of the Sierra Nevada. They are not observed within
the basin. The combined throw of the NW^SE and
NNE^SSW faults along the western border of the Sierra
Nevada is up to 5000m. In comparison, the combined
throw of the NW^SE faults along the western border of
Sierra Elvira (SE) is estimated to be of the order of
2000m.These NW^SE faults cross-cut and displace pre-
vious E^W faults, de¢ning the main subsiding areas of the
central and eastern part of the basin.
The Bouguer gravity map of the Granada basin (pro-
vided by Chevron Oil Company) (Fig. 6a) and the contour
map of its basement, obtained by the seismic pro¢le grid
of the area they cover (Fig. 6b), show that within the basin
there are several more subsident sectors where signi¢cant
negative gravity values occur (down to 130mgal) along
with other uplifted sectors (with gravity values up to
 110mgal). The general structure is illustrated in Figs
4^8. It consists of:
 The structural high (Alto de Lachar (LA)), where the
thickness of the sediments is reduced, bounded by
low angle normal 701N^901E trending faults and limit-
ing the southern border of the subsiding sectors of
HuetorTajar (HU) and Pinos Puente^FuenteVaqueros
(PP^FV).TheHUsub-basin has a limited subsidence.
 The PP^FV sector, where, in addition to the lateMio-
cene sediments, Pliocene^Pleistocene sediments of
considerable thickness ^ up to 1250m ^ are deposited
directly upon the basement in some places (Fig. 8,
cross sections A^D). The subsidence implied by the
Fig. 5. Interpretation of part of seismic pro¢le S85^153. Its position is marked in Fig. 3.Vertical dotted line corresponds to the selected
place for backstripping analysis. PP^FV, Pinos Puente^FuenteVaqueros depocentre.The cross point with pro¢le S85^150 is indicated.
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Fig. 6. (a) Bouguer anomaly map of the Granada basin (density reference 2.438 g cm 3, supplied by Chevron Oil Company. (b) Three-
dimensional block of the basement in the areamarked in (a), showing the prominent elevated and depressed areas in the basement. Black
star corresponds to the location of Granada-D1borehole. CU Cubillas; GR, Granada; HU, HuetorTajar; LA, Lachar; PP^FV, Pinos
Puente^FuenteVaqueros; SO, Sierra de Obeilar. Note the good agreement between (a) and (b).
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thickness of sediments was directly controlled by the
action of the faults that bound this area. Its northern
and eastern borders are limited by E^Wand NW^SE
faults that, at least at the surface, show a high angle
(601).The eastern border corresponds to the complex
horst of SE.
 To the southeast of SE, another subsiding sector ex-
ists, located in the vicinity of Granada and limited by
NW^SE faults (section C, Fig. 8).
 The Cubillas area (CU), to the east of SE, limited by
NW^SE and E^W normal faults, is also an important
subsiding area (section A, Fig. 8).
In the isopach maps obtained from the seismic pro¢les
(Fig. 9), the marine sediments of late Tortonian age (se-
quence1) already show a pattern of graben and horsts with
WNW^ESE direction. In the map of sequence 2 (conti-
nental sediments of late Tortonian^early Messinian age)
the same pattern is seen, but with a greater extension of
the sediments. The CU and Granada (GR) depocentres
are accentuated, with a smoothing at the Pinos Puente^
Fuente Vaqueros (PP^FV) depocentres. A smoothing of
the horst of LA is also observed.
The isopach map of the Pliocene-Quaternary sedi-
ments shows the maintenance of the main horsts and the
initiation of a graben, located somewhat more to the N,
that connects the depocentres of HU, PP^FV and GR.
The CU depocentre becomes smoother during this phase
and maintains its position.
In general, the depocentres coincidewith the axes of the
most subsident areas inside the basin. Only in the eastern-
most part of the basin, at the foot of the Sierra Nevada, do
the depocentres not coincide with these axes.This seems
to be a consequence of the volume of sediments supplied
by the adjacent high relief areas that result in the great
thickness of the fan deltas of sequence1.
In summary, the di¡erent subsiding areas show a strong
asymmetry owing to the displacement of the low angle
WNW^ESE faults, as well as those of NW^SE direction.
The persistence over time of the location of the depocen-
tres and topographical axes is interpreted as a result of the
successive reactivation of the faults.
Fold structures in the Granada basin are present in two
well di¡erentiated areas (Fig. 2). The ¢rst corresponds to
the eastern border of the Sierra Nevada, where NE^SW
folds that a¡ect only the sediments of sequence 1 are un-
conformably overlain by sequence 2. The second area is
CU (Fig. 2), where ENE^WSW very open folds are found
to a¡ect the whole sedimentary in¢ll. These folds are at-
tributed to a regionalNNW^SSE compression, combined
with a nearly perpendicular extension.
Fig.7. Map of main faults in theGranada basin.1. Supposed fault, 2. lower boundary of fault plane, 3. deduced fault from seismic lines,
4. outcropping fault, 5. borehole, 6. trend of Neogene extensionwithin the basement, 7. dam, 8. town, 9. fault plane at depth, 10. internal
zone, 11. external zone.
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SUBSIDENCE ANALYSIS AND
SEDIMENTATION RATES
To calculate subsidence we used the backstripping pro-
gramme of Allen & Allen (1990), which calculates total
and tectonic subsidence of the basement for decompaction
of the di¡erentiated sedimentary sequences. The pro-
gramme assumes a model of airy-type isostasy. The tec-
tonic subsidence is calculated eliminating the e¡ect of the
sediment load.
The values of the density and porosity of the sediments
were taken from the standard value charts of Sclater &
Christie (1980). Palaeobathymetric corrections were not
applied, given the continental character of most of the se-
diments; nor were palaeoeustatics, given the minor range
of sea level variation for the age of the marine sediments
(see Hardenbol et al., 1998).
To estimate the thickness of the sedimentary ¢ll, start-
ing from the seismic pro¢les, we took an average speed of
1.9 km s1. The stages that were di¡erentiated coincide
with the sedimentary sequences, and their chronological
limits are: 8.5Ma for the beginning of the marine incur-
sion; 7.2Ma for the transition from marine to continental
sedimentation; and 5.3Ma for the Miocene^Pliocene
boundary.
For the calculation of subsidence values, ¢ve points
were chosen (Fig.10), three of them along theS85^150pro-
¢le, and two of them at the cross points with the pro¢les
S85^153 and S85^157, almost perpendicular to the ¢rst
one.The other two points are located somewhat to the east
of the above pro¢les. One of these points corresponds to
the Granada D-1 borehole, where the sediment thickness
is known and was used by Rodr|¤ guez-Ferna¤ ndez et al.
(1999).
Points Granada D-1 and Granada-3 are situated in the
LA, whereas the three remaining (Granada-2, -4 and -5) are
in the depocentres located to the north and south of theLA.
In this way the subsidence can be analysed both in the dee-
pest areas and in the relative highs inside the basin.
The calculations of tectonic subsidence and total subsi-
dence (the sum of tectonic subsidence plus that due to the
sediment load) are shown in Fig. 10. Points 1 and 3, in the
LA, show moderate values of subsidence during theTorto-
nian and Pliocene^Pleistocene, and slightly greater ones
during the Messinian. Point 2, located near HU, shows an
important phase of subsidence during the Miocene that
subsidence decreases during the Pliocene^Pleistocene,
with a value lower than that of LA. Points 4 and 5 exhibit
relative subsidence during deposition of sequence 1 (mar-
ine sediments of Miocene age) that decreases during the
Fig. 8. Sections, obtained from seismic pro¢les, showing the morphology of the Granada basin and the in¢lling sedimentary
sequences. Zero metres correspond to the present sea level.The di¡erent grey shades are equivalent to those of Figs 4 and 5. Location of
sections A^D can be seen in the annexed contour map.
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phase of lacustrine sedimentation, then increases during
the Pliocene^Pleistocene.The values of tectonic and total
subsidence, as well as the sedimentation rates for the dif-
ferent sedimentary sequences, are given inTable1.
The total data obtained from the application of the
backstripping programme are indicated inTable 1. Subsi-
dence is generally shown to reach a maximum in sequence
1, then to progressively decrease during the Messinian
Fig.9. Contour and isopach maps (in metres) of the basement and the sedimentary in¢lling of the Granada basin, obtained in the area
covered by seismic lines.
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(sequence 2) to the Pliocene^Pleistocene (sequence 3). A
similar process is observed with the sedimentation rates
during sequence1,where the subsidence rate exceeds sedi-
mentation.During deposition of sequences 2 and 3, the se-
dimentation rates are slightly higher that those of
subsidence mainly in the depocentre of PP^FV.
The previous values for subsidence are based on an un-
derstanding that the Granada basin remained stable,
which is not the case, since it has risen remarkably, though
less than the surrounding areas. The obtained values
therefore indicate only the absolute displacements. At the
same time, the basin contains several sectors where strong
sinking took place, in some cases more than 1000m.This
sinking was controlled mainly by E^WandNW^SE faults.
The topographical height of the Granada D-1 borehole
is 640m and the basement is 580m deep, that is, about
60m above the present sea level. During the deposition
of the marine sediments (sequence 1), the basement was
nearly 250m deep, according to its facies.The sum of base-
ment depth and posterior local tectonic subsidence were
compensated by regional uplift.
To the southeast, in the Sierra Nevada foothills, marine
deposits of lateMiocene age are preserved at an altitude of
1830m (Sanz de Galdeano & Lo¤ pez Garrido, 1999) (Fig.
12). To the east, in Sierra Harana, they reach a height of
1623m, resting on a surface that dips toward the east.Va-
lues a little lower can be measured at other points to the
north and south of the Granada basin. On the whole the
region has risen, though the Granada basin has not risen
as much (Fig. 12), some of its basement areas being
1500m below the present sea level.
DISCUSSION
The Betic Cordillera has experienced important uplift
from the late Miocene, whereas at the same time intra-
montane basins have formed in a contemporary process
of relief- and basin creation. Reviewing the regional data,
the lateTortonian marine sediments are not limited to the
current Granada basin, but extend much further; hence,
for this time period, we cannot refer to the existence of
the basin as such. Inside the basin some positive relief
areas existed, such as the highs of SE, LA and Obeilar
(SO), along with subsiding areas such as HU, CUandGR.
At the end of middle Miocene the more prominent re-
liefs of the Betic Cordillera did notyet exist, although their
creation was underway. This is evidenced by the coarse
detritic character of late Serravallian^earlyTortonian sedi-
ments, revealing the growth of relief exposed to erosion.
They are sediments of a continental character, nourished
from the upper complexes of the internal zone (Malaguide
and Alpujarride), yet they do not contain clasts derived
from the lower complex, the Nevado-Filabride (Rodr|¤ -
guez-Ferna¤ ndez, 1982). In theTortonian, the topographi-
cally lowest areas of the region were subjected to marine
incursions, the most important of which taking place in
the lateTortonian (at 8.5Ma). The short range of the eu-
static variations (less than 45m in the curve of Hardenbol
etal.,1998) for this time span do not explain the marine in-
cursion in the region. Rather, it must be due to subsidence
as a consequence of faulting; similar features are described
by ten Veen & Postma (1999a, b) in Crete, Greece. The
deposition of marine sequence 1 corresponds to the
cited main marine incursion, when the Granada basin
registered its highest values in tectonic subsidence
(217mMa1) and the highest sedimentation rates (374.8m
Ma1;Table 1).
The gradual decrease inwater depth, a result of regional
uplift, culminated in evaporite deposition (gypsum and
salt) in the marginal parts of the southern half of the basin.
This represents the progressive and de¢nitive retreat of
the sea. However, the sheet ofwater was not lost at its dee-
pest parts, as is evidenced in the seismic pro¢les, where a
paraconformity is observed between sequences1 and 2.
The progressively reduced bathymetry of the basin
caused a change in the chemical quality ofwaters thatwent
from marine to brackish, and ¢nally to freshwater, as de-
monstrated by the sediment facies and fossil record (Dab-
rio etal.,1972).During the time that marine sedimentation
took place in the Granada basin, the level of the ocean fell
only 10m, according to the eustatic curve of Hardenbol
et al. (1998). In contrast, decompaction analysis of sedi-
ments (Fig. 10), shows that the tectonic subsidence varies
from area to area, roughly between 150 and 500m (even
more in some points). Therefore, the gradual retreat of
the sea in the Granada basin is not attributable to global
eustatic £uctuations but rather to regional uplift.
The onset of the important uplift of the region concurs
with the end of the tectonic denudation (Johnson, 1993,
Table1. Subsidence and sedimentation rates in several points in the Granada basin (mMa1)
Site
Tectonic subsidence rates Total subsidence rates Sedimentation rates
SEQ1 SEQ2 SEQ3 SEQ1 SEQ2 SEQ3 SEQ1 SEQ2 SEQ3
Granada D1 59.2 85.7 23.9 83.0 133.6 41.3 83 142.6 47.9
Granada 2 274.6 159.4 18.4 410.0 287.3 35.8 410 357.3 50.9
Granada 3 86.9 108.4 26.6 123.0 172.6 86.4 123 189.4 101.8
Granada 4 404.6 63.1 83.7 623.0 116.8 174.9 629.2 170 225.8
Granada 5 406.9 102.6 91.5 633.0 195.2 193.9 633 272.6 251.3
Average 217.4 102.6 44.8 329.1 176.4 99.3 374.8 226.3 135.5
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1997; Johnson et al., 1997); their data evidence the rapid
cooling of the Nevado^Filabride Complex (105^
200 1CMa1) near the surface at12Ma in the eastern part
of Sierra Nevada, and at 9^8Ma in the westernmost
part, next to theGranada basin.Uplift clearly began at this
time.
In fact, from the lateTortonian, the Sierra Nevada un-
derwent signi¢cant uplift while sequence 1 was deposited
in Granada basin, whose eastern border has been notably
uplifted and preserved in several small outcrops in the
slopes of Sierra Nevada (Fig. 12). This sequence reveals,
for the ¢rst time, pebbles inherited from theSierraNevada
core (Dabrio et al., 1978; Rodr|¤ guez-Ferna¤ ndez, 1982; Sanz
de Galdeano & Vera, 1992). During the process of regional
rising, the area occupied by the Granada basin and other
proximal sectors was disconnected from the sea, then un-
derwent continental sedimentation that continued to in-
¢ll the subsiding areas.
In the Messinian-Pliocene passage, a new tectonic
phase began, characterized by activity on NW^SE trend-
ing faults. Movement along these faults, together with ac-
tivity on other sets, de¢ned the Granada basin
physiography. At the same time, some areas inside the ba-
sin began to sink and show a high sedimentation rate
(135.5mMa1), such as the PP^FV area, where these
movements continue to the present. The abundant seis-
micity and especially microseismicity (Sanz de Galdeano
et al., 2003) that marks the position of the NW^SE faults
and the thickness of the accumulated sediments (more
than1000m) support this interpretation.
Presently, the faults that form the eastern border of the
Granada basin bound the Sierra Nevada and the Sierra
Harana located to theNE.The di¡erence in heights result-
ing from these faults is substantial, with theGranada basin
over 1000m lower than the Sierra Harana and over 2500m
lower with respect to Sierra Nevada. The Sierra Gorda
marks the western border of the Granada basin, whose se-
diments onlap it.
In order to quantify the regional uplift and subsidence
that formed the sedimentary basins, the following ap-
proach was used (Fig. 11): From the present day height of
Tortonian marine sediments, located in the adjacent and
more eastern mountains, we subtracted the present
benchmarks of the Messinian and Pliocene sediments;
and from those of Messinian age, the heights of the Plio-
cene sediments. In this way the successive heights of de-
position are restored, all the sedimentation having
occurred in an environment of shallow bathymetry (Braga
et al., 2003).This is represented in terms of their age.
The di¡erence between the lowest point in the base-
ment of the Granada basin and the highest in the Sierra
Nevada is of the order of 5000m (Fig. 12).This di¡erence
re£ects the magnitude of uplift, as well as of subsidence
of the basin, where sedimentary sequences accumulated
at the foot of the newly created high relief areas.This in-
volved contemporaneous rising/subsidence and erosion/
sedimentation processes, similar to the ones described by
Gansser (1982) for some of the main Alpine chains.
Uplift rate was at a maximum in the lateTortonian, with
values of 700mMa1, and diminished in the Messinian
andmore so in the Pliocene.The average value of the uplift
rate (considering only1700m of uplift of the marineTorto-
nian sediments in the slopes of Sierra Nevada and a time
span of 8.5Ma) was 200mMa1 for the recent morphoge-
netic stage of the cordillera after the ¢nal cooling of the
metamorphic rocks of the Nevado-Filabride complex.
This is the lowest possible estimation.
The above data allow us to conclude that the subsidence
and uplift rates were at their maxima in theTortonian and
decreased over time thereafter. Both processes are parallel
to the decrease in sedimentation rates, intimately linked to
relief creation and erosion.The sedimentation rates in the
intramontane Granada basin are similar to those regis-
tered in the Alboran Sea, which leads us to surmise that
this process was taking place on a regional scale.The data
presented here support those published by previous
authors, e.g.Wiejermars et al. (1985) and Braga et al. (2003).
Fig.11. Relation between the regional average uplift rates and
the average rates of tectonic subsidence in Granada basin (a
palaeobathymetric correction of 250mwas applied) obtained in
this work and comparedwith those ofWiejermars et al. (1985)
(data from east of Almer|¤ a) and Braga et al. (2003) (data from east
of Sierra Nevada andwest of Almer|¤ a).
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In theAlboran Sea, as in theGranada basin, after a stra-
tigraphic gap, sedimentation was renewed at 8.5Ma (late
Tortonian).TheMessinian sediments are scarce and linked
to an important unconformity on a regional scale; whereas
the sediments of Pliocene and Pleistocene age are repre-
sented by thick marly deposits with discontinuities at dif-
ferent heights of the sections. The same occurs in the
Granada basin, where subsidence and sedimentation rates
decrease from the Tortonian to the Pliocene^Pleistocene
(Rodr|¤ guez-Ferna¤ ndez et al.,1999).
From a tectonic point ofview, the situation in theAlbor-
an Sea was very similar, with a compressive stage com-
bined with a near perpendicular extension in the late
Tortonian that produced a readjustment of thewhole basin
and the reactivation of old faults in a transcurrent regime
(Zahn et al., 1999).This readjustment compartmentalized
the basin and enhanced structural features, such as theAl-
boran High. During this time some strike-slip faults, in-
cluding the Carboneras fault (Fig. 1), continued o¡shore
(Rodr|¤ guez-Ferna¤ ndez & Comas, 1999).
The rising of the region is very substantial, yet di¡ers
from place to place. The Sierra Nevada summit rose of
the order of 5000m in relation to some points of the base-
ment of the Granada basin that straggled behind. These
rising and sinking movements were facilitated by the dis-
placement of the faults described.
Finally, other analyses of subsidence in theBeticCordil-
lera likewise demonstrate that during the late Miocene^
Pliocene the basins located in the Internal Zone and the
Valencia trough underwent important subsidence and up-
lift processes (Janssen et al., 1993; Soria et al., 1998, 2001;
Hanne et al., 2003).
The previous data draw a geodynamic scenario inwhich
the Granada basin was formed by tectonic subsidence
because of cortical stretching. Very brie£y, the proposed
scenario is:
During the middle Miocene to the earlyTortonian, the
internal zone of the Betic Cordillera was a¡ected by tec-
tonic extension that produced subsidence, thereby facili-
tating the marine invasion that occurred in the late
Tortonian (8.5Ma). In the Granada basin, this subsidence
was more active in the depocentres controlled by 701N-
901E faults.At the end of theTortonian, the situation chan-
ged because the approximately north^south convergence
betweenAfrica and Iberiawas renewed (Sanz deGaldeano,
1988; Galindo-Zald|¤ var et al., 1993, 1999; Rodr|¤ guez-Fer-
na¤ ndez & Mart|¤ n-Penela, 1993; Buforn et al., 1995; Rodr|¤ -
guez-Ferna¤ ndez & Comas, 1999; Sanz de Galdeano &
Alfaro, 2004). From this time, NNW to N^S compression
was established in the Betics and the Alboran basin, com-
binedwith an important, and nearly perpendicular, exten-
sion.This compression produced antiforms in the internal
zone (Galindo-Zald|¤ var et al., 2003; Sanz de Galdeano and
Alfaro, 2004).The uplift of several areas, including Sierra
Nevada itself, was contemporaneous with subsidence in
Granada and other neighbouring intramontane basins.
This process, enhanced by the displacement of NW^SE
faults in Granada basin, continues up to the present. Ac-
cording to the previous data, the documented in£uence
of extensional faults, combined with the subsidence his-
tory, we interpret that the Granada basin is an intramon-
tane basin driven by extension, perpendicular to the
NNW^SSE compression, linked to the tectonic denuda-
tion of the surrounding areas.
CONCLUSIONS
As a result of reinterpreting the seismic pro¢les of the
Granada basin, revising the micropalaeontological con-
tent of the marine sediments and processing and quantify-
ing all the available numeric parameters, we arrive at the
following conclusions, some of them put forth for the ¢rst
time:
The marine incursion that deposited sequence 1 can be
delimited in time from 8.5 to 7.2Ma ^ that is, lasting only
1300 000 years. During this time the Granada basin was
part of another more extensive basin. The retreat of the
sea in the Granada basin is not attributable to global eu-
static £uctuations but rather to vertical readjustment of
the basement as a consequence of the rising of Sierra Ne-
vada and its adjacent areas. At the beginning of Pliocene^
Pleistocene times, the Granada basin acquired its current
physiography.
During the lateTortonian, aNNW^SSE direction com-
pression and an ENE^WSWextension are registered.This
Fig.12. Section across the Sierra Nevada andGranada basin, indicating the complex distribution in the internal zone as well as the
main tectonic contact in between.The di¡erent grey shades are equivalent to those of Figs 4, 5 and 8.Vertical scale is enhanced.
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extension is clearly present in the Granada basin, and has
controlled the sense of fault displacement.The persistence
of the depocentres and subsidence axes in an identical po-
sition during the deposition of several sequences is in-
ferred to be the result of the repeated displacements of
the main faults.
The faults observed in the seismic pro¢les have the
same directions as those that crop out at the borders of
the basin. In general, two well-de¢ned sets are observed,
the ¢rst showing N 70^90 E direction, with fault planes
slightly dipping toward north and south that de¢ne the
main subsiding areas of approximate E^W direction.The
second set, with a NW^SE direction, cuts and displaces
the previous ones and de¢nes the main subsiding areas of
the eastern part of the basin.
Subsidence was at a maximum in the lateTortonian, de-
creased in the Messinian and was even less in the Plio-
cene^Pleistocene. A similar process is observed with the
sedimentation rates: during sequence 1 the subsidence
rate became greater than that of sedimentation; and
during sequences 2 and 3 the sedimentation rate was
slightly greater than subsidence, seen mainly in the PP^
FVarea.
The rising of the mountains varied in rate, roughly in
accordance with the subsidence in the Granada basin.
The rate reached a maximum in the lateTortonian, dimin-
ished in theMessinian and further diminished in the Plio-
cene.
The formation of theGranada basin can thus be seen as
part of the morphogenetic and neotectonic evolution of
the Betic Cordillera from the late Miocene to the present
and as a corollary, we propose that the mechanism of
subsidence in Granada basin and the coeval uplifting
of the surroundings relief, mainly Sierra Nevada,
was consequence of faulting induced by crustal stretching
subsequently to a period of tectonic denudation in a pro-
cess in which a near N^S compression combined with
an important and approximately perpendicular crustal
extension.
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